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End of Moore’s Law and Future

Technologies

oevice scaling T
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3D IC: Adding a New Dimension

Trend is to move from 3D flexible configurations to 3D stacking and then to 3D ICs:

Higher density
* Faster clock rates
* Lower in power

* 3D using stacked silicon
die connected using
through silicon via

i 4Gb MLC
(TSV)S ) st 4 From bottom to top over 10 years
* 2.5D usin g silicon ’ 3D Vertical NAND, BiCS | 1. Material Innovation
. 3D Stscked NAND __ (VLSroz,vLsro9) 2. Structulze Innovatio-n
nterposers (EOM 05, s5cC'e) e
* D, 5 D usin g 5. Managignnovation
heterogeneous die SRCH R
. 3D Vertical NAND
paCkaglng Product,
_ (This Work)
* Monolithic 3D ICs: 3D 3D Vertical NAND, TCAT
(VLSI'09)
NAND flash
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* Benefits
* Higher density
* Faster clock rates
%k
%k
%k
E S

Lower in power e First 3D FPGA: Virtex-7 2000T  First Heterogeneous 3D FPGA:

FI exibili ty Based on Stacked Silicon Interconnect it 'xi:a_;lyoislgzmomm
Re-configurability
Lower cost for Courtesy: Xilinx.com

prototyping
* Combining monolithic 3D
NAND flash in complex
programmable logic device
(CPLD) or FPGAs could
drastically improve literal
or logic density
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Revisiting Complex programmable logic devices (CPLD)
Modelling SLC NAND bitcell

SLC NAND planes in 3D CPLDs

3D NAND array write, read and erase operations

Circuit design for write, read and erase operations

3D configurable logic block (CLB) architecture

3D CPLD and FPGA architecture

PPA of the CLB

3D NAND array physical design and visualization

* % X % X % X ¥

*
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Revisiting Complex Programmable
Logic Devices (CPLD)

i ,
* Two programmable PLA planes for complex programming

* The programmable planes can be replaced with two 3D
NAND flash planes to achieve higher logic density

| (L
1 | I 0000000000 0000 0000
| o o )
| 1 ! g g
! I o |Lee Lag | O LB
: ¥ Y | : | g g {Lagic éray Block)
| g i :
I 1 1 g i 5
= o | il
s — ! ] 5 B
| L : : % H
! L/ i : ; B
| 1 g, : . gI:II:IDDI:IEID |:||:||:||:||:||:||:||:|E B A=
— I
: : : a chipwide'
J i :
i R g !
l 5 yate ystem
: \ | ! 7 | transistar with norm al high threshold woltage
I / : : o | threshald woltage, [always off). |
- iy [HEE
1 11 I wDD
I 1t | o) o B
| | | WwOD T_] 1}_ L L L} D"‘
1 : 1 1 %J, & o ) O [ Y
aArray
A-C
1 AND Arl'ay (B : = _li 1 _li -
l— ————————————————— | | + + o4 parallel expander
ent

tem
select
ol
%rﬁgnramm able zha ta ekt mackooel
amay 0 &xpander macrocell fedback
't
E na . | other
; : macrocl:
i i in LAB

) %

e}
IVERSITY
.e.f%lRGINIA

LY ENGINEERING 6



Modelling an SLC NAND Bitcell in

SPICE and Veriloga
« SLC bitcell has two statm

and o logically

* Behaviorally modelled the
FNT behavior for SLC bitcell
write and erase operation
using a Veriloga model, a
VCVS and a HVT NMOS

* Veriloga model senses the
gate, source and body
potential of the NMOS to
generate a VCVS as V(N)
that exactly mimics the
storage bits, write and
erase operation for SLC
bitcell
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Typical NAND Flash Array

* As string is associated

with a single bitline for PR S ST
write and read - ":[ 'b = "]
.............................................. -

operation i ﬁ?ﬁ]

# The bitcells in the same At = = HE= I_I "8
page has the same : ol e
Wordline ; |||_| |||_| ? |||_i | —

* Multiple pages forms a ) ﬁb ﬁb """" ::| :] B.k

block or array which can g i :'Ij 5 -
be erased at the same | ! | |
time 1 1 j? 17
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SLC NAND Planes in 3D CPLDs

_____________________________________

dC string IS O r - CCCICIC-IC-TI-TI-CIZTTC
bitcell AL
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ldeal Write and Read Operation in
SLC 3D NAND Planes

5 : N WLy — f : 1 Vss
WL,=VDDgp ; j'll_l ........ H'_I | / \ VDDgp
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NAND Flash Write and Read Operation
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ldeal Erase Operation in SLC 3D

NAND Planes
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NAND Flash Erase Operation
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Top and Bottom I/O for Write, Read and Erase

Operations for SLC 3D NANAD Array

op and Bot 1/O

Body

>km»“\\\“\\\\
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generate the write, : ] P> i
VDDRD  VDDWR |
read and erase ! T . | 1opio
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L e e e e = -
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Wordline Driver for Write, Read and Erase
Operations for SLC 3D NANAD Array

P, — — — e

+ Wordline driver

generates all the o vecoderdies .
necessary voltages oo vopmo VDR voouwn vopur - vomuR
T

DecSelB

for Write’ read and Decseli {§CWRRDB—DO_ Level Shifter INv —WR
erase operation

VDDRD

DecSel RD
WRRD WRRDB WRRD VDDWL

+ Uses level

converters and |
PM OS SWitCheS to i ERASE— Level Shifter INV %ERASEBUFF

VDDRD  VDDWR
VDDWR

VDDRD VDDWL
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3D Configurable Logic Block Architecture
for CPLD and FPGAs

10 TOP Array i

8 bit Literal Bus
VDDRD
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Distributed 3D NAND architecture for 3D

CPLD and FPGAs
block with t

B
P) X |
i"

B contains the
16X8 two 3D NAND

;//

| distributed SLC cc==
planes NAND PLANEs clB T CLB
* Rc.)u.tlng cost s Input connection
minimal for WL and box matrix i
BL routability e
+ There can be mask  Cross-pointswitch .= o CLB CLB CLB
box matrix
cost overhead for

the 3D NAND planes

** There can be
structural CLB CLB CLB CLB
brittleness in the 3D
NANDs with only
two planes per CLB

CLB CLB CLB CLB
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Centralized 3D NAND architecture for 3D

CPLD and FPGAs

ontains no
NAND planes: all the
NAND planes are
centralized in the
middle of the CPLD as
a cluster

* Routing cost is higher
for WL and BL
routability and may
need extra area or
metal options

* The mask cost
overhead for the 3D
NAND planes is less as
it is centralized

# Structurally, it is less
brittle in the 3D NAND
centralize array planes
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Configurable logi
block with the
centralized SLC e =
NAND PLANEs CLB i

Input connection

box matrix
af
L 4
- i i g
Cross-point sywtch‘o CLB CLB CLB CLB
box matrix
Centralized SLC St
NAND Array e e ecessssssssdis
PLANEs
CLB CLB CLB CLB
CLB CLB CLB CLB
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Input and Output Connection Boxes for

3D CPLD and FPGAs

JSe(

overlapping connection 353 i 2:1
topology for Input and n
o P

output connection o |
boxes o s,

“track0 +—

# Muxes are PMOS-NMOS P et
. o A oo cccccccccccccccccccanaaaas
-Fransmls.SIO?hga..tte mlUX . (a) Input connection box and switch
or passin e true [0gIC e ™
I I g g Pass gate Mu _E_\tr\ack3
evels 2:1 AN
+ Total of 8X4=32 pass gate M - tracks
programmable out S
connection per DN B
connection box to the 5. L]
Pass gate Mux —i—trackp//
CLBs . gat: \l\
PR OR}IVI%EGI‘{ISNHIA‘Y (b) Output connection box and switch
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Switch Box Architecture for 3D CPLD and
FPGAS

Switch box topology
is simpler than the
Planer and Wilton

topology
* Uses diagonal

connections in the
connection matrix

* This topology makes
the track lengths as 1
unit

* Connections are
made using
transmission gate
logic that uses
distributed SRAMs to
be programmed
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PPA of 3D CPLD or FPGASs using
monolithic 3D NAND Flash Technology

per litera
is 10X smaller
using 3D NAND
structuresin
monolithic 3D
FLASH CPLDs
than planer
NAND CPLDs

* Read, write and
erase can be
done up to
499MHz clock
rate

* Power numbers
are also
reasonable

IVERSITY
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Speed Max

495MHz

Area/Literal
(u2/ literal)

Read

Power/Literal

(mW)
51.53

SLC Planer
NAND in

CPLDs

Write

Erase Power
Power/Literal | (mW)
(mW)

44.65 66.49

SLC 3D NAND | Area
in CPLDs Improvemen
t

0.045 ~10X
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Visualization and design in 3D

T E—

* Using of Autodesk Maya
* Maya Embedded Language (MEL) script

UNIVERSITY
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NAND string layer structure
+ SINW channel \
e

* |Insulator layer

E 3 Charge trapping a”_around metal NAND string cross-section view
floating gates

« Dielectric layer

SiNW channel

Control
dielectric

* Tunneling and control

Tunneling
insulator

* All-around metal gates

Control
insulator

Charge
trapping

Metal gate

RI/IVERSITY
== T\/IRGINIA
I 22



Bitline and wordline wiring

* Equal NAND string & planm

* Bitlines on top, at an angle 6

—1 TchanneltSpace <0< tan—l S—(Tchannelt+space)

* tan

d 3-d
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Distributed 3D NAND planesin a CLB

to full CPLD

8 NAND strings in a row forma 8 X 16 NANI [

* 2 NAND planes form a CLB containing 256 3D NAND FGMOS

« CLB area: 0.36um?

* NAND String area:
+ 0.0225um?

« Arealliteral: 0.045um?

* Footprint with wires:

+ 0.6um?

+ 0.075um? /literal

TIVERSITY Configurable Logic Block (CLB)
F- ORfIRGINIA
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Centralized 3D NAND Buildings in a
Full CPLD
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* CPLD consists of 4 X 4 CLBs

* Further wiring optimizations

are required
25
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* 3D Flash technology in CPLD and FPGAs can provide
high literal density with the support of complex
Boolean functions

* Programming and block erase speed is higher

* Programming power consumption per literal is less
than 1oomW at 495MHz

# Suffers from required read latching of data in the CLB
even when the implementation is combinatorial
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